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ABSTRACT 
Pulp bleaching is a multi-staged process which uses different chemicals and conditions in 
each stage, with washing performed between these stages. With chlorine compounds being the 
most widely used bleaching agents, the water from bleaching and washing stages subsequently 
contains a high chloride content as well as chloro-organic compounds which makes them 
incompatible with pulping chemical recovery processes. They are, therefore, discharged as 
wastewater. This leads to the need for regulations regarding the effluent quality of the 
wastewater. The purpose of this study is to compare effluents from various dimethyl dioxirane 
bleaching sequences with those of commonly used industry bleaching sequences and to 
determine if these effluents will meet the Environmental Protection Agency's proposed Effluent 
Guidelines. This paper summarizes the characteristics of the effluents produced during bleaching 
sequences which use dimethyl dioxirane as the primary bleaching agent. This characterization 
was based on the proposed EPA discharging limits regarding: 
A. Biochemical oxygen demand (BOD),
B. Chemical oxygen demand (COD), and
C. Color.
This study also incorporated the total organic carbon (TOC) fraction to characterize the effluent 
streams. When DMD is used as a bleaching agent for kraft hardwood pulps, the organic content 
of the effluent streams is greatly increased. This is due to the increased levels of delignification 
taking place during the A stage. The most environmentally friendly DMD bleaching sequence 
would be the optimized OAE sequence with the stepwise addition of the A stage. Here, the 
organic content of the combined effluent streams is decreased from' that of the optimized OAE 
sequence by 27.1 % and 23.4% according to the BOD and COD tests, respectively. However, 
there was a 12.6% increase in TOC from that of the optimized OAE sequence. 
INTRODUCTION 
In all types of chemical pulping, wood chips are cooked, at elevated temperature and pressure, 
in a digester in an aqueous chemical solution. Water is used here as a solvent for the cooking 
chemicals, as the pulp cooking medium, as pulp wash water, and as a diluent for screening, 
cleaning, and pulp processing.(!) 
Pulp bleaching also incorporates the use of much water. Pulp bleaching is a multi-staged 
process which uses different chemicals and conditions in each stage, with washing performed 
between these stages. With chlorine compounds being the most widely used bleaching agents, 
the water from bleaching and washing stages subsequently contains a high chloride content as 
well as chloro-organic compounds which makes them incompatible with pulping chemical 
recovery processes and they are therefore discharged as wastewater.(!) This leads to the need for 
regulations regarding the effluent quality of the wastewater. Whether the bleach mill discharges 
directly ( operates their own wastewater treatment plant) or indirectly ( discharges to a publicly 
owned treatment work) there are regulations set by the Environmental Protection Agency (EPA) 
and by the state in which the mill is operating. And, as a result of the pending legislation 
regarding the use of non-chlorine bleaching chemicals in bleaching sequences, new chemicals are 
being produced to replace elemental chlorine (Cl2). One of these 'new' chemicals is dimethyl 
dioxirane (DMD). DMD is produced by the addition of the monopersulfate compound to an 
aqueous acetone solution of sodium bicarbonate with a subsequent vacuum distillation.(2) 
My thesis will characterize the effluent from a bleaching sequence using DMD. This 
characterization will be based on the proposed EPA discharging limits regarding: 
A. Biochemical oxygen demand (BOD),
:] 
B. Chemical oxygen demand (COD), and
C. Color.
This thesis will also use the total organic carbon (TOC) fraction to characterize the effluent 
streams. 
LITERATURE SURVEY 
The pulp and paper industry is the largest process water user in the United States with 1,551 
billion gallons of wastewater generated per year. About 185 billion gallons of water per year are 
discharged from pulping operations and chemical pulping mills alone. In this discharged water 
there are conventional, non-conventional, and toxic pollutants. These pollutants are 
characterized by the EPA as priority or non-priority pollutants. The priority pollutants found in 
bleached kraft mill wastewaters include; 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 
chloroform, methylene chloride, 2,4,6-trichlorophenol, and pentachlorophenol. The volatile 
organic and toxic compounds found in effluents from bleaching with chlorine and chlorine 
compounds are chlorinated dioxin, furans, and chlorinated phenolic compounds. These effluents 
may also contain adsorbable organic halides (AOX), chemical oxygen demand (COD), 
biochemical oxygen demand (BOD), suspended solids (regulated as total suspended solids, TSS), 
and color.( 1) 
EPA PULP AND PAPER INDUSTRY CLUSTER 
The U.S. EPA/Pulp and Paper Industry Cluster was formed with the express purpose of 
formulating new air and water pollution regulations for the pulp and paper industry. It is 
proposing to impose discharge limits on chlorinated phenolic compounds, dioxin, AOX, and 
color, along with increasing the regulations on the conventional pollutants BOD and TSS. The 
effluents which are currently under regulation or being proposed for future regulation are 
summarized in the following paragraphs. 
Dioxin and Furan 
Significant discharges of toxic pollutants are discharged from the pulping and bleaching mills 
which incorporate the use of chlorine and chlorine-containing compounds. These pollutants are 
chlorinated dioxin and furans. None of the mills which the EPA has studied as a reference to 
proposed guidelines were totally free of any of these pollutants. Therefore, effluent limitations 
are proposed for TCDD and 2,3,7,8-tetrachlorodibenzofuran (TCDF). 
Volatile Compounds 
The four most detected volatile organic compounds (VOC's) detected in wastewater effluents 
are acetone, chloroform, methylene chloride, and methyl ethyl ketone (MEK). Of these, 
chloroform and methyl chloride are priority pollutants and MEK and acetone are 
nonconventional pollutants. These four pollutants are also proposed for regulation. 
Chlorinated Phenolic Compounds 
Human health and aquatic effects have been associated with the formation and presence of 
TCDD and TCDF in the presence of tri-, tetra-, and penta-chlorinated compounds. The twelve 
compounds proposed for regulation in the bleached papergrade kraft and soda categories are: 
trichlorocatechol; 3,4,5-trichlorocatechol; 3,4,6-trichlorocatechol; 3,4,5-trichloroguaiacol; 3,4,6-
trichloroguaiacol; 4,5,6-trichloroguaiacol; 2,4,5-trichlorophenol; 2,4,6-trichlorophenol; 
tetrachlorocatechol; tetrachloroguaiacol; 2,3,4,6-tetrachlorophenol; and pentachlorophenol. Of 
these pollutants 2,4,6-trichlorophenol and pentachlorophenol are priority pollutants. The rest are 
nonconventional pollutants. 
Adsorbable organic halides (AOX) are a measure of the total amount of chlorine. bromine, 
and iodine that are bound to dissolved or suspended organic matter. In the paper industry, 
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essentially all of the AOX are chlorinated forms which come from bleaching processes which use 
elemental chlorine and chlorine compounds such as chlorine dioxide and hypochlorite. 
Dioxin, furan, chlorinated phenolics, and other chlorinated organics can not be completely 
removed from effluents until the use of chlorine-based bleaching agents are totally eliminated. 
The chemical oxygen demand (COD) is a measure of the organic content in both wastewater 
and natural waters. It is also used to measure the organic matter in industrial and municipal 
wastes which may contain compounds that are toxic to biological life. The EPA is proposing to 
regulate COD in the discharge from chemical pulping facilities, both bleached and unbleached 
(this includes kraft pulping facilities). Control of COD as a nonconventional pollutant is an 
important parameter as that it is indicative of the overall load of organic and wood extractive and 
organic pollutants in biologically treated effluents that are not readily biodegraded. 
COLOR 
Color is basically an aesthetic quality of an effluent and is easily recognized from treated 
effluents of both bleached and unbleached chemical pulps. Quantitative data is hard to come by 
on this subject. 
BOD5 and TSS
Biochemical oxygen demand (BOD) and total suspended solids (TSS) are conventional 
pollutants that have been regulated by the EPA for many years as important measures of 
biodegradable matter and suspended solids generated by the paper industry. The EPA is 
proposing to revise the BOD5 and TSS limits. The proposed limits would be much more 
stringent than current limitations. 
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PROCESS CONTROLS AND CONSIDERED CHANGES 
The pulp and paper industry has made numerous process changes and continues to do so. The 
most recent and major change has been the drastic decline in the amounts of elemental chlorine 
being used in the bleaching process. Chlorine dioxide and hypochlorite bleaching sequences 
have tried to replace elemental chlorine and have successfully -reduced the amount of dioxin and 
AOX produced. However, these substitutes can not achieve the brightness of the elemental 
chlorine bleaching sequence. One study has shown that 100% chlorine dioxide substitution 
(substitution of elemental chlorine) has successfully lowered the chlorophenolic compounds well 
below detection limits (except for 2,4,6-trichlorophenols).(3) Literature also states that "The 
formation of chlorinated phenolic compounds is mainly a function of the charge of the molecular 
chlorine applied to the pulp."(3) However, these bleaching processes have not totally eliminated 
the production of these pollutants, this fact may play a key role in future EPA effluent 
limitations. Other significant changes have also taken place to reduce the amount of bleaching 
chemical needed, thereby reducing the effluent. One such change is the use of extended 
delignification pulping processes, like those which incorporate oxygen delignification and 
extended kraft cooking. Kraft pulps can be bleached to full brightness with oxygen (02), 
hydrogen peroxide (H2O2), and chlorine dioxide (ClO2) (all of which are being used in industry
today). The effluent from 02 and H2O2 treatments can be concentrated and burnt in kraft
recovery furnaces. Effluent from the ClO2 treatments are not normally recovered in the kraft 
recovery furnace. Therefore these effluents are discharged. And because ClO2 bleaching is 
known for creating small amounts of AOX, there is an increasing demand for pulps bleached 
without the use of Cl 0, and all other chlorine-containing compounds.(4) 
B 
Oxygen and hydrogen peroxide are chlorine replacement chemicals that are firmly established 
in chemical pulp bleaching. However, their low reactivity with certain lignin structures prevents 
them from completely replacing chlorine-containing compounds as bleaching agents.(4) Ozone 
(03) is also a commercially accepted replacement for chlorine-containing compounds. However, 
this too has a drawback in that cellulose degradation occurs if large amounts of oxidants are 
consumed by the pulp. The same can also be said of 02 as a bleaching agent. There is, therefore, 
a need for other delignifying or brightening chemicals which are fairly unreactive to the 
carbohydrate fractions of chemical pulps. Peroxymonosulfuric acid is one proposed 
candidate. ( 4) 
The basis of this thesis will come mainly from proposed EPA/Pulp and Paper Industry Cluster 
effluent guidelines and from the statement "The formation of chlorinated phenolic compounds is 
mainly a function of the charge of the molecular chlorine applied to the pulp." 
g 
PROBLEM STATEMENT 
"Can dimethyl dioxirane be statistically quantified as a plausible replacement for chlorine and 
chlorine-containing compounds as a bleaching agent, with respect to the characteristics of the 
effluent streams?" 
OBJECTIVES 
The purpose ofthis study is to compare effluents from (i) various dimethyl dioxirane 
bleaching sequences with those of commonly used industry bleaching sequences and (ii) to 




The following steps were followed during the characterization of effluent from dioxirane 
bleaching sequences: 
1. Obtained pulp samples.
2. Produced chlorine dioxide for control bleaching sequence.
3. Performed control bleaching sequences (ODE & DED).
4. Obtained DMD effluent samples.
5. Characterized effluent with regard to biochemical oxygen demand (BOD), chemical
oxygen demand (COD), total organic carbon (TOC), and color. 
6. Analyzed and reported results.
MATERIALS AND METHODS 
Pulp samples 
Mill-produced oxygen-delignified kraft and unbleached kraft hardwood pulps were obtained 
from Consolidated Paper Company. The oxygen-delignified pulp received five subsequent 
washing stages prior to being sent by Consolidated and the unbleached pulp was sent in the kraft 
cooking liquor. 
Effluent samples 
Effluent samples were obtained from various dimethyl dioxirane bleaching sequences 
(performed by Dan Krueger and Eric Thompson) and from a two control (ODE and OED) 
bleaching sequences (performed by me).(5&6) The biochemical oxygen demand (BOD), 
chemical oxygen demand (COD), total organic carbon (TOC), and color were tested on each of 
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the samples. 
From the results of the previously stated tests, the effluents were characterized as to their 
compliance with EPA Effluent Guidelines and compared with the control effluent. 
Chlorine dioxide preparation and production 
7.5 g of NaClO2 were dissolved in 1.0 L of cold water. The solution was then slowly 
acidified (10 - 15 minutes to endpoint) with 4 N H2SO4 using a volurnmetric buret until the 
solution turned slightly yellow. The solution was then carefully poured (poured in a steady 
stream down the inside of a container so that gas did not escape) into a sealable container. The 
concentration was determined by titrating with .2 N Na2S2O3, (g/L Cl2 = ml .2 N Na2S2O3 * 
0.071) this was reported as available Cl2 .(5) The concentration of the ClO2 used during these 
bleaching procedures was 3.7*10"'-3 g/ml ClO2. 
Pulp bleaching procedure 
ClO2 Stages 
20 g ( 0 .D.) of pulp was disintegrated in a Waring blender for one minute in 400 ml of 
distilled water and then poured into a "Zip-Lock" bag.(5) The ClO2 (as available Cl2) water to 
make 3% ClO2 in pulp was calculated. 
Calculation: 20 g O.D. pulp * .03 * ml/g ClO2 water = ml ClO2 water. 
Total water: 20/.03 = 667 grams total mass 
667 - 20 -1.3 - (ml ClO2 water)= ml water added. 
The water was then added to the pulp slurry and kneaded to mix. 
In Hood: 
The ClO2 water was added to a bag and the bag was then sealed and the pulp was kneaded for 
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m1xmg. This was kept at room temperature for 1/2 hour and kneaded every 10 minutes. At the 
end of the 1/2 hour the pH was measured and the pulp slurry was poured into a large Buchner 
funnel lined with a filter paper, rinsed with 1000 ml of hot water, and the filtrate was collected. 
The pulp was saved by the filter pad and a 100 ml portion of the filtrate was titrated for 
calcultaing the available residual chlorine. The calculation is as follows: 
Calculation: ml 0.2 N Na2S2O3 * 0.071 = g/L residual Cl2 
(g/L residual Cl2 / 1000 ml/L) * (ml total liquid / 20 g O.D. pulp)*lO0 = %Residual Cl2_ (5) 
Extraction Stages 
The wet pad from the ClO2 stage was weighed and placed into a bag. The amount of water in 
the pad was calculated to determine the remaining amount of water that would be needed during 
the extraction stage. The calculation is as follows: wt pad - 20g O.D. fiber = wt of water in 
pad. Then the amount of 20 g/L NaOH to add was calculated: 20 g O.D. * .04 * (1 / .02 g/ ml 
NaOH) = 40.0 ml NaOH to be added. Finally, the amount of hot (170 F) water necessary for the 
extraction stage was calculated. This calculation is as follows: 
20g O.D./ consistency= g total weight 
g total - 20 - 40 ml NaOH = ml water to add. 
The water was added and the bag was then sealed and kneaded to ensure mixing of the slurry. 
Then the 40 ml of 20 g / L NaOH was added and the bag was again sealed and kneaded 
thoroughly. The bag was then placed in a 150 F water bath for 1.5 hours (the bag was kneaded 
every 10 minutes). After the two hours the pH was checked to ensure the proper endpoint of 
11.0. Next, the pulp was drained Buchner funnel which was lined with a filter paper and then 
washed with hot distilled water until the filtrate ran clear. The pad was finally rinsed with 
l3 
acetone and weighed.(5) 
Chemical oxygen demand procedures 
Preparation of potassium hydrogen phthalate standard 
The potassium hydrogen phthalate is a standard solution used as a control during COD 
testing. It was prepared by the following procedure: potassium hydrogen phthalate was lightly 
crushed and dried to a constant weight at 120 C. Of the dried solid, 425 mg was dissolved in 
distilled water and diluted to 1 L. This solution is stable for up to three months in the absence of 
visible biological growth.(6) 
The procedure used wad the dichromate oxidation method. This test was performed by 
heating, under total reflux conditions, a measured sample (2 ml) with a known excess of 
potassium dichromate in the presence of sulfuric acid for a two-hour period. The organic matter 
in the sample was oxidized and as a result, the yellow dichromate was reduced to the green 
chromic form. Silver sulfate was added as a catalyst. For this procedure, the vials were prepared 
by the manufacturer and already contained the potassium dichromate, mercuric sulfate, and 
sulfuric acid/silver sulfate solution. The procedures followed during testing are as follows: 
l. Samples were diluted to read in a range of 20-900 mg/l 02; 
2. 2 mls of each sample was added to two separate reaction vials;
3. 2 mls each of KHP standard and distilled water were added into separate reaction vials;
4. After the sample, blank, and standard vials were prepared, they were capped and placed
in the digestion block; 
5. After two hours of digestion the vials were cooled, 1 to 2 drops of ferrion indicator were
added and the solution was titrated with 0.050 M ferrous ammonium sulfate (FAS). 
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The equation for the calculation of the COD is: 
COD, mg/1 02 = [(B-A)] x M x 8000]/ml sample 
Where: B is mls of titrant for blank, 
A is mls of titrant for sample, and 
M is the molarity of the FAS titrant. 
Bio-chemical oxy1:en demand procedures 
Preparation of glucose-glutamic acid standard 
The glucose-glutamic acid is a standard solution used as a control during BOD testing. It was 
prepared by the following procedure: Reagent-grade glucose and reagent-grade glutamic acid 
were dried at 103 C for 1 hour. Of these dried samples, 150 mg glutamic acid and 150 mg 
glucose was added to distilled water and diluted to 1 L. This solution was prepared immediately 
before each use.(7) 
A known volume of effluent sample was placed in a container and the container was filled 
with dilution water. This water was at a pH of about 7. A BOD bottle was then filled to the brim 
with this water and then stoppered so as not to permit the entering of air bubbles into the bottle. 
A series of succesive dilutions were prepared. These bottles were kept in an incubator at 20 C in 
the dark. The dissolved oxygen was measured before and after incubation. A blank 
determination was run by determining the dissolved oxygen in the dilution water. The dilution 
water was made by adding 1 ml/1 each of the following solutions; phosphate buffer solution, 
magnesium sulfate solution, ferric chloride solution, and calcium chloride solution to the 
necessary volume of distilled water. The seed solution was obtained from the Kalamazoo Water 
Reclamation Plant (it was their primary effluent). The glucose-glutamic acid standard was also 
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used as a check for the reaction. It was used because when glucose is added with glutamic acid, 
it has and oxidative rate similar to many municipal wastes. 
The equation for the calculation of BOD is: 
Where: 
BODS, mg/1 O2 = (D1-D2)-(Bl-B2)f/P 
DI is the dissolved oxygen of the diluted sample initially; 
D2 is the dissolved oxygen of the diluted sample after incubation; 
P is the mis of sample added to the bottle/300 ml; 
B 1 is the dissolved oxygen of the seeded blank initially; 
B2 is the dissolved oxygen of the seeded blank after incubation; and 
f = (300ml-ml sample)/300ml. 
Total organic carbon procedures 
This procedure required the use of a total carbon apparatus. The following steps outline the 
direct determination with pretreatment method of analyzation. The instrument used was the 
Model 5011 CO2 Coulometer by Coulometrics, Inc. 
1. Exactly I ml (in triplicate) of each diluted sample, standards, and blanks was prepared
and added separately labeled combustion boats. 
2. These boats were dried to a constant weight at 40 C.
3. Next, the dried samples were cooled to room te!llperature in a desiccator.
4. After the samples were cooled, several drops of sulfurous acid were added until all
effervescence stopped. 
5. The acid-treated samples were again dried to a constant weight at 40 C.
6. The boat was then placed in the combustion chamber (at 950 C).
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7. The coulometer was reset and run for 9 minutes.
8. The digital reading was then recorded and the boat was removed from the furnace and
allowed to cool in a 350 C muffle furnace. 
The equation for calculating TOC is: 
TOC, mg/I Carbon = (sample reading -blank reading)/liters of sample 
Color testine procedures 
The dominant wavelength of each sample was measured using a spectrophotometer. 
Experimental standards and testine facilities 
The chemical and physical standards were be analyzed according to Standard Methods for the 
Examination of Water and Wastewater, 18th Edition; 507 (BOD), 508 (COD), 204 ( color), and 
TOC. 
All testing facilities are located in McCracken Hall and are available for student use. 
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RESULTS AND DISCUSSION 
The results of the characterizations are listed in Table 1. The samples shown are simple stage 
effluents. The control sequences are listed at the beginning of the chart and the optimized stages 
are toward the bottom. The effluent streams labeled optimized are those which came from the 
bleaching conditions which were determined to be optimum (producing the highest brightness 
pulps) in Eric Thompson's optimization study and Daniel Krueger's full sequence bleaching 
study.(8&9) The streams labeled Step are the effluents from an optimized bleaching sequence 
with stepwise (addition of DMD in a series of steps after 0, 5, and 15 minutes) addition of the 
DMD (A stage). And those samples labeled Opt AS or Opt A15 are from bleaching sequences in 
which the DMD was added after five minutes and after fifteen minutes, respectivley. 






0.156 kg/t, monthly average 
25.4 kg/t, monthly average 
2.19 kg/t, monthly average 
76.3 kg/t, monthly average 
There would also be limits on chlorophenols and dioxins.( 10) 
In this project, I studied the effluent characteristics of various DMD bleaching sequences and 
was attempting to compare the test results against the proposed guidelines. However, the 
proposed guidelines are for total mill effluent not for the bleaching effluent specifically. 
Therefore, this paper will only compare the bleach effluent characteristics between DMD 
bleaching sequences and with the control bleaching sequences. Also, this thesis includes results 
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from COD, BOD, TOC, and color only. Funds were not available for the AOX. The TOC test 
was added because it is the most accurate test conducted. The results of the color tests should 
not be used as a significant factor in classifying the bleaching processes since only the dominant 
wavelength was determined. However, in the proposed EPA regulations, the color should be 
measured on a concentration scale. 
For each bleaching sequence the effluent samples were taken after the first two stages of each 
bleaching sequence. This was done to simulate a counter-current bleaching system and because 
this is were the greatest level of delignification generally talces place. The counter-current 
bleaching system is significant here only in that many bleacheries use this type of process. 
BOD, COD, and TOC 
BOD, COD, and TOC are all related parameters in identifying the organic content of a water 
or wastewater sample. They are each used because they characterize different aspects of an 
effluent sample. The BOD is the organic matter dissolved or suspended in a sample that can be 
metabolized by microorganisms. The BOD of a substance is reported as the mass of oxygen the 
organisms use to metabolize/oxidize the organic matter. It is used as a guideline for the expected 
mass of oxygen which will be consumed by the organisms. The expected mass of oxygen 
consumed is known as the theoretical oxygen demand (ThOD). The BOD is approximately 50-
60% of the ThOD for that type of sample. Although the BOD test has a number of limitations, it 
is the most widely used parameter of organic pollution applied to both wastewater and surface 
water today. The most serious limitation is that the five day period used for the test may not 
correspond to the point where the soluble organic matter that is present has been fully 
consumed.(11) The limitations of the BOD test are the main reasons for using the COD test. 
19 
The COD test also measures the organic content of a sample by measuring the oxygen consumed 
during the test. However, the COD measures the oxygen equivalent of the organic matter that 
can be oxidized by a strong chemical oxidizing agent in an acidic medium. It is known to be 80-
85% of the ThOD. The COD of an effluent is generally higher than the BOD of that same 
effluent because more compounds can be chemically oxidized than can be biologically oxidized. 
The TOC is yet another way of quantifying some portion of the organic content of a waste 
sample. It is especially applicable to small concentrations of organic matter and the instrument 
used for this study can predict organic carbon levels in a sample with up to 95% 
reproducibility.(11) Unlike the BOD and COD tests, the TOC reports the mass of organic carbon 
per unit volume of sample. 
The results of the BOD tests are listed in Table 1 and Figures 1 through 11 comparing the 
different sequences can be found in the appendix of this paper. Figure 1 shows the DMD (A) 
stages to be extremely higher in BOD as compared to the control chlorine dioxide (D) stages. 
The AEDE sequence performed on the pulp which was not oxygen delignified showed a 54.2% 
increase in BOD from that of the control DED sequence when the first stream is measured. 
Another example of the increased BOD from A stage bleaching can be seen by comparing the 
rest of the bleaching sequences (performed on the oxygen delignified pulp) to the control 
sequence on the oxygen delignified pulp (ODE), from a 56.9% increase for the OAEP sequence 
to an 88.5% for the OEAEP sequence. Even the optimized sequences have some of the greatest 
BOD increases (when compared to the ODE control sequence) with 78.6%, 78.4%, and 78.2% 
increases for the Opt. OAE, Opt. OAE AS, and Opt. OAE Al  5, respectivley. The optimized 
sequence with the stepwise addition of the A stage, however has BOD values significantly lower 
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than the other optimized sequences with 26.4% lower than the Opt. OAE sequence. A reason for 
the significantly increased levels of BOD obtained from the sequences which incorporate the A 
stage could be because of an increased level of delignification which takes place during the A 
stages. The slightly lower BOD levels of the Step sequence (as compared to the other optimum 
sequences) could be due to the fact that some byproducts are getting oxidized by DMD. Figure 2 
shows the relationships between the extraction (E) stages of the sequences. These appear to have 
no significant differences as compared to the control except for the extraction stage from the 
optimized OAE and from the AEDE sequence on the pulp which was not oxygen delignified. 
The Opt. E stage has 31.1 % more BOD than the control ODE E stage and the AEDE E stage has 
46.1 % more BOD than the control DED E. If increased delignification is taking place during 
the A stage, the lower organic content of the E stages may be due to this and the fact that the 
other E stages measured do not follow A stages during bleaching (except the Step E). Oddly, the 
E stage from the stepwise optimization has the lowest BOD measured at 262.31 mg/1 02, but this 
value is not significantly different from the 296.26 mg/1 02 of BOD obtained from the control 
sequence. 
The COD values follow a similar trend to that of the BOD values with the greatest amounts of 
COD found in the effluents from the sequences in which the A stage was applied. However, the 
E stages here follow a slightly different trend, in that the E stages here are significantly lower 
than the control sequences. This trend is shown in Figure 3. This chart shows a 39.3% decrease 
in the COD of the E stream of the optimized OAE sequence when compared to the control 
sequence E stream. All other E stream COD levels are also much lower than the control E 
streams with a 79.0% decrease for OPE sequence to a 29.9% decrease for the AEDE sequence. 
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The significant decrease in OPE E stream COD is expected because of less delignification taking 
place during a peroxide (P) stage as compare to a D stage. These values were unexpected 
because BOD and COD values generally follow the same trend, with COD usually being higher 
than the BOD. What might be happening is that more of the organic constituents produced 
during the extraction stages in the effluent can be chemically oxidized than can be biologically 
oxidized. This may also indicate that the COD is a more accurate indicator of the organic matter 
present in a sample. The results of the COD trials can be seen in Table 1. and in Figures 3, 4, 
and 6. 
The TOC values also follow the trend of the COD values, even in the case of the E stream 
effluent. This leads to the conclusion that the correlating TOC and COD results show that the 
COD and TOC tests are more accurate tests for measuring the organic content of a waste sample. 
These trends can be seen in Figures 9, 10, and 11. The total organic content of the effluents are 
lower when measuring the organic carbon instead of measuring the amount of oxygen consumed 
during biological and chemical digestion of the organic material. However, upon conversion of 
the mass of carbon to equivalent mass of oxygen, the TOC fraction of the effluent is greater yet 
than either the BOD or COD fractions. The conversion of mass of carbon to equivalent mass of 
oxygen can be seen in Appendix 1 of this paper. 
The results of the color analysis can be found in Table 1. and in Figures 7 and 8. There are no 
significant differences between the measured wavelengths of color between the experimental 
samples and the control stages. However, visual observations of the effluent would lead me to 
believe that the concentration would have definatley shown greater differences. 
The results from this study also show that the COD and TOC tests are more accurate in 
22 
determining the organic content of a waste sample when compared to the BOD test of that same 
sample. In the case ofthis study, the lower accuracy of the BOD tests can be attributed to the 
type of microorganisms used to seed the samples. These microorganisms came from the 
Kalamazoo Water Reclamation Plant and are accustomed to the waste there. The straight 
bleaching effluents may have shocked the organisms and therefore, the results of the BOD tests 
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CONCLUSIONS 
When DMD is used as a bleaching agent for kraft hardwood pulps, the organic content of 
the effluent streams is greatly increased. This may be due to the increased levels of 
delignification taking place during the A stage. The most environmentally friendly DMD 
bleaching sequence would be the optimized OAE sequence with the stepwise addition of the 
DMD. Here, the organic content of the combined effluent streams is decreased from that of the 
optimized OAE sequence by 27.1% and 23.4% according to the BOD and COD tests, 




A major benefit to this study would come from AOX analysis of the samples and increased 
study in the area of color concentrations. Although AOX should not be formed during bleaching 
with DMD (there are no halides present in DMD), a study would prove to environmentalists that 
DMD is an environmentally feasible choice for a bleaching agent (with respect to AOX 
production). The knowledge of the concentrations of color produced upon bleaching with DMD 
would make this paper infinetly more useful to those studying the effects of DMD bleaching on 
waste treatment loadings. It is thought that the reduced color concentrations and negligible AOX 
concentrations produced during bleaching with DMD would prove to be the biggest selling point 
for DMD as a bleaching agent to replace elemental chlorine. 
Another recommendation which may be drawn from this paper is that further study is needed 
to show the applicability of using DMD as a bleaching agent in a closed-cycle mill. If this 
would prove to be feasible, the increased organic content of the effluent streams may not be a 
significant problem for the paper industry. 
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APPENDIX 1 
Conversion of mass of carbon to equivalent mass of oxygen: 
(mass C)x (32g 0/14g C)= g equivalent 0
2
,)J..J 
•n
